Ovarian maturation in crustaceans is temporally orchestrated by two processes: oogenesis and vitellogenesis. The peptide hormone vitellogenesis-inhibiting hormone (VIH), by far the most potent negative regulator of crustacean reproduction known, critically modulates crustacean ovarian maturation by suppressing vitellogenin (VTG) synthesis. In this study, cDNA encoding VIH was cloned from the eyestalk of Pacific white shrimp, Litopenaeus vannamei, a highly significant commercial culture species. Phylogenetic analysis suggests that L. vannamei VIH (lvVIH) can be classified as a member of the type II crustacean hyperglycemic hormone family. Northern blot and RT-PCR results reveal that both the brain and eyestalk were the major sources for lvVIH mRNA expression. In in vitro experiments on primary culture of shrimp hepatopancreatic cells, it was confirmed that some endogenous inhibitory factors existed in L. vannamei hemolymph, brain, and eyestalk that suppressed hepatopancreatic VTG gene expression. Purified recombinant lvVIH protein was effective in inhibiting VTG mRNA expression in both in vitro primary hepatopancreatic cell culture and in vivo injection experiments. Injection of recombinant VIH could also reverse ovarian growth induced by eyestalk ablation. Furthermore, unilateral eyestalk ablation reduced the mRNA level of lvVIH in the brain but not in the remaining contralateral eyestalk. Our study, as a whole, provides new insights on VIH regulation of shrimp reproduction: 1) the brain and eyestalk are both important sites of VIH expression and therefore possible coregulators of hepatopancreatic VTG mRNA expression and 2) eyestalk ablation could increase hepatopancreatic VTG expression by transcriptionally abolishing eyestalk-derived VIH and diminishing brain-derived VIH.
INTRODUCTION
Oogenesis and vitellogenesis are two delicately regulated processes required for ovarian maturation in crustaceans [1] . Vitellogenesis-inhibiting hormone (VIH), also known as gonad-inhibiting hormone, is the most potent known inhibitor of vitellogenesis. VIH was first isolated from eyestalk extracts of lobster Homarus americanus, and subsequently described as a ''vitellogenesis-inhibiting factor'' for its prominent role as a negative regulator of reproduction [2, 3] . The cDNA and amino acid sequences of VIH have been reported in several crustacean species [4] [5] [6] [7] . In general, crustacean VIH is primarily synthesized by the X-organ/sinus gland complex in eyestalks [2, 3, 8] , though it can also be detected in other tissues [4, 7] . Eyestalk ablation has been extensively practiced in commercial shrimp culture as a technique to accelerate maturation of female gonads in crustaceans, which is based on the assumption that eyestalk removal diminishes VIH production [9, 10] . Phylogenetically, VIH is considered as a peptide member of the crustacean hyperglycemic hormone (CHH) family [11] . Other peptide members of the CHH family include CHH, ion transport peptide (ITP), molt-inhibiting hormone (MIH), and mandibular organ-inhibiting hormone (MOIH). They contain six conserved cysteine residues and can be divided into two subfamilies (types I and II), according to their amino acid sequences and precursor structures [12] . Functionally, these peptide hormones are involved in diverse physiological functions in crustaceans, such as metabolism, osmoregulation, molting, and reproduction [11] .
Vitellogenesis (also known as yolk deposition) is a prerequisite for embryo development in many nonmammalian species [1] . To build up a nutrient reserve, oocytes deposit and accumulate the major yolk protein, vitellin [13] . Mature vitellin is derived proteolytically from its precursor vitellogenin (VTG). The reported crustacean VTG proteins are similar to insect apolipophorin II/I and vertebrate apolipoprotein B in sequence, and therefore considered to be atypical in regard to VTG from other oviparous animals [14] . The origin of VTG in crustaceans has also not yet been fully established. Discrepancies exist between the major sources of crustacean VTG; VTG synthesis was reportedly found to be restricted to ovary only [15, 16] , hepatopancreas only [17, 18] , or both ovary and hepatopancreas [19, 20] . For example, in sand shrimp Metapenaeus ensis, two VTG genes have been identified: VTG-1 is distributed in ovary and hepatopancreas, whereas VTG-2 is expressed exclusively in hepatopancreas [21, 22] . In kuruma prawn Marsupenaeus japonicus, VTG mRNA expression was found in parenchymal cells in hepatopancreas [23] . VTG mRNA expressed in hepatopancreas is then translated into VTG precursor protein. After that, the nascent VTG protein from hepatopancreas is cleaved, released into hemolymph, and finally transported to oocytes [24, 25] .
Inhibitory effects of VIH on crustacean reproduction, especially on VTG mRNA expression, have variously been demonstrated. In H. americanus, transcript and circulating levels of VIH are high during the immature and previtellogenic stages but low during maturation [26] . Treatment of recombinant VIH protein was found to reduce VTG mRNA levels in H. americanus ovary fragment culture [27] . In contrast, silencing of VIH expression by RNA interference could significantly induce VTG mRNA expression in the ovary of giant tiger prawn Penaeus monodon [4] . In P. monodon, inhibition of ovarian maturation and VTG gene expression by U0126 (mitogen-activated protein kinase [MAPK]/extracellular-signal-regulated kinase [ERK] kinase [MEK] specific inhibitor) was presumed to be via a VIH inhibitory pathway [28] . Similarly, cAMP and cGMP, which can suppress VTG mRNA expression in M. japonicus ovary fragment culture, are speculated to be the second messengers for VIH activity toward a yet unknown receptor [29] . Compared to ovarian VTG, VTG expression in the hepatopancreas (despite its being a major VTG synthesis site [19] ) is poorly characterized in crustaceans. Functional evidence for VIH regulation on hepatopancreatic VTG mRNA expression remains lacking.
Pacific white shrimp (Litopenaeus vannamei) is commercially the most significant species in world shrimp aquaculture, reaching 2.0 million metric tons or 71% of world total shrimp production by weight in 2011 (FAO [30] ). Recent efforts on L. vannamei reproduction research have focused on hormonal regulation in ovarian maturation [31] [32] [33] [34] [35] . Several peptides (designated as SGP-A, -B, -C, -D, -E, -F, and -G) of the CHH family have been identified in the sinus gland of L. vannamei by reversed-phase HPLC and found to have inhibitory effects on VTG mRNA expression in ovary fragment culture [36] . SGP-G, the most abundant CHH-family peptide in the L. vannamei sinus gland, was thought to be one of the candidates for L. vannamei VIH (lvVIH) [37] . In this study, we obtained the full-length cDNA of a novel lvVIH candidate, which is highly similar to P. monodon VIH (pmVIH) in protein sequence, from the eyestalk of L. vannamei. Relative transcript expression and tissue distribution of this newly cloned lvVIH were analyzed by RT-PCR and Northern blot, respectively. In functional study, we tested the effects of L. vannamei brain and eyestalk fragments and hemolymph on VTG mRNA expression in hepatopancreatic cells. Furthermore, recombinant protein of lvVIH was generated in an Escherichia coli expression system and affinity purified, and its biological activity on hepatopancreatic VTG expression was examined in vitro and in vivo. Changes of VIH mRNA expression in L. vannamei brain and contralateral eyestalk were investigated upon unilateral eyestalk ablation, a conventional method for vitellogenesis induction [9] whose mechanisms remain to be elucidated.
MATERIALS AND METHODS

Animals
For molecular cloning and hepatopancreatic cell culture, sexually immature Pacific white shrimp, L. vannamei, with body weight of about 10 g were purchased from local markets. Previtellogenic female shrimps used in in vivo experiments, with a body weight of 16.2 6 0.9 g and a body length of 14.3 6 0.7 cm, were collected from the Dongfang Shrimp Culture Center, Zhanjiang, China, and maintained in seawater at 288C under a 12D:12L photoperiod. Oocyte developmental stage of shrimp was determined as described previously [38] . All animal experiments were conducted in accordance with the guidelines and approval of the Ethics Committees of South China Sea Institute of Oceanology, Chinese Academy of Sciences.
Molecular Cloning of VIH cDNA in Pacific White Shrimp
Total RNA from Pacific white shrimp eyestalk was extracted using TRIzol (Invitrogen) and reverse transcribed into first-strand cDNA using SuperScript II (Invitrogen). The full-length cDNA sequence of lvVIH was obtained by 3 0 /5 0 -RACE methods. The gene-specific primers used in 3 0 /5 0 -RACE were designed based on the online partial sequence (GenBank: HM756644) that was highly similar to pmVIH at the nucleotide level. The signal peptide was predicated by using the SignalP 3.0 program. The three-dimensional (3-D) models were deduced with the knowledge-based modeling program ProMod II provided by the SWISS-MODEL server. Alignment of CHH-family peptides in Pacific white shrimp was performed using Clustalx1.8 and presented with GeneDoc. Phylogenetic analysis was constructed based on nucleotide difference (p distance) by neighbor-joining method (pairwise deletion) with Mega 4.0.
Northern Blot of lvVIH Transcripts
Northern blots were used to determine the transcript expression of VIH in Pacific white shrimp. Briefly, total RNA was isolated from different tissues with TRIzol reagent, including eyestalk, brain, and hepatopancreas. These RNA samples were size fractionated in 1% agarose gel with 13 3-(Nmorpholino)propanesulfonic acid and 1% formaldehyde, and then transblotted onto a positively charged nylon membrane at room temperature for 1.5 h by using a VacuGene XL vacuum blotting system (GE Healthcare). The membrane was ultraviolet cross-linked, prehybridized for 2 h with blocking solution containing 50% formamide, and then hybridized at 428C for 15 h with a digoxin-labeled cDNA probe specific for lvVIH. On the following day, the membranes were rinsed twice at room temperature in 23 saline-sodium citrate (SSC) with 0.1% SDS and washed twice at 688C in 0.53 SSC with 0.1% SDS. The hybridization signals were then visualized by using a Dig-DNA labeling and detection kit (Roche) with NBT/BCIP as a substrate. In this study, parallel blotting of beta-actin (designed based on GenBank: JF288784) was used as an internal loading control to evaluate the integrity of mRNA prepared.
Tissue Distributions of lvVIH mRNA Expression
Tissue distribution of VIH expression in Pacific white shrimp was examined by using RT-PCR in selected tissues including eyestalk, brain, thoracic nerve, abdominal nerve, heart, hepatopancreas, stomach, intestine, muscle, gill, and hemolymph. Briefly, total RNA was isolated using TRIzol, digested with RNase-free DNase I (Invitrogen), and reverse transcribed with Superscript II. The RT samples obtained were used as templates for PCR with primers specific for lvVIH (forward primer 5 0 -AAACCGATGCTTCAACAACCAGTG-3 0 and reverse primer 5 0 -ATGATTCTGGGATACTTCTTCTGC-3 0 ). The PCR products were resolved in 1.5% agarose gel by electrophoresis and transblotted onto a positively charged nylon membrane. PCR-Southern was then conducted using the digoxin-labeled cDNA probes for lvVIH to confirm the authenticity of PCR products. RT-PCR of beta-actin mRNA (forward primer 5 0 -CCGGCCGCGACCTCACAGACT-3 0 and reverse primer 5 0 -CCTCGGGGCA GCGGAACCTC-3 0 ) was used as an internal control in this study.
Expression and Purification of Recombinant lvVIH Protein
The open reading frames (ORFs) of lvVIH were obtained by PCR (forward primer 5 0 -CGCGGATCCGAATTC ATCTTGGACAGCAATTGCAG-3 0 [Bam-HI site underlined] and reverse primer 5 0 -GGTGCTCGAGTGCGGCCGCT CAGGACTGAGGCTGGGGCG-3 0 [XhoI site underlined]) and then subcloned into the prokaryotic expression vector pET28a. The lvVIH-PET28a vector generated was then introduced into the host BL21 (DE3) E. coli by transformation for protein expression. Transformed cells were grown in Luria broth containing 25 lg/ml kanamycin at 378C. When optic density at 600 nm reached 0.6, isopropyl b-D-1-thiogalactopyranoside (IPTG) at a final concentration of 0.1 mM was added and cells were grown for another 8 h at 258C for protein expression. After harvest by centrifugation, cell pellets were resuspended in PBS buffer (pH 8.0) and dissociated by sonication. The soluble and insoluble fractions were separated by centrifugation at 12 000 3 g for 15 min at 48C. Recombinant lvVIH protein was purified by using His-Bind Kits (Novagen) and desalted by passing through PD-10 Desalting Columns (GE Healthcare).
Isolation of Shrimp Hepatopancreatic Cells
To prepare hepatopancreatic cells, hepatopancreas from Pacific white shrimp (n ¼ 10) was excised and washed three times in prechilled Ca 2þ /Mg 2þ -free Hanks balanced salt solution (HBSS; Sigma; containing 4 mM NaHCO 3 , 9 mM HEPES, 100 U/ml penicillin, and 100 lg/ml streptomycin, pH 7.63). Hepatopancreatic fragments were diced into 0.5-mm thickness, incubated in CHEN ET AL. -free HBSS at 288C for 30 min. Next, shrimp hepatopancreatic fragments were mechanically dispersed into single cells by gentle pipetting. Dispersed hepatopancreatic cells were then separated from the remaining fragments by filtration through a sterile 30-lm mesh and harvested by centrifugation at 100 3 g for 5 min at 48C. The cells obtained were resuspended in Dulbecco modified Eagle medium (DMEM)/F-12 (1:1; Gibco BRL) with 14 mM NaHCO 3 , 2 g/L bovine serum albumin, 100 U/ml penicillin, and 100 lg/mL streptomycin, pH 7.63. Viability of the cells was assessed by trypan blue exclusion assay, and only preparations with more than 95% viability were used in subsequent experiments. Dispersed hepatopancreatic cells were diluted in DMEM/F-12 to a final density of 0.4 3 10 6 cells/mL and cultured in 24-well polyethylenimine precoated plates at 288C with 5% CO 2 and saturated humidity.
Primary Culture and Treatment of Shrimp Hepatopancreatic Cells
Hemolymph supernatant from Pacific white shrimp was prepared as previously described [39] . Briefly, hemolymph was withdrawn from the pericardial sinus by using No. 24 hypodermic needles and transferred to centrifuge tubes with anticoagulant (0.5% heparin sodium; Sigma), placed on ice, pooled, and centrifuged at 800 3 g for 10 min at 48C. The hemolymph supernatant was collected and filtrated through a 0.22-lm filter for sterility. The freshly separated hepatopancreatic cells were cultured in DMEM/F-12 with or without 10% of shrimp hemolymph supernatant or fetal bovine serum (FBS). The hepatopancreatic cells were sampled at different time points after beginning of culture. Hepatopancreatic cells were also challenged in different concentrations of shrimp hemolymph supernatant or FBS with a fixed sampling time of 12 h after beginning of culture.
For coculture experiments, different tissues including eyestalk, brain, and muscle were dissected from L. vannamei and washed 33 with prechilled Ca 2þ / Mg 2þ -free HBSS. Tissues were then diced into fragments (,1 mm 3 ) with a razor and washed 33 with DMEM/F-12. The tissue fragments were suspended in DMEM/F-12 and seeded onto a Transwell permeable support (Corning) with a pore size of 0.4 lm, whereas primary hepatopancreatic cells were seeded onto 24-well plates. After 12 h of culture, the tissue fragments were discarded and the hepatopancreatic cells were collected for subsequent experiments.
Hepatopancreatic primary cells were also tested with recombinant lvVIH protein administration. Freshly prepared hepatopancreatic cells were routinely incubated for 6 h to allow recovery of membrane receptors after collagenase digestion. After that, test substances at appropriate concentrations were prepared in DMEM/F-12 and were gently added to hepatopancreatic cells after removal of old culture medium. For time-course experimentation, the concentration of recombinant lvVIH was fixed at 1 lM, and for dosedependency experimentation, the duration of drug treatment of was fixed at 12 h.
FIG. 1.
Nucleotide and deduced amino acid sequences of lvVIH cDNA. The amino acid sequence deduced from the ORF is presented along with the corresponding cDNA sequence. The polyadenylation signal in 3 0 -UTR is underlined and the stop codon is marked by an asterisk. In the amino acid sequence, the signal peptide is underlined with a dotted line. The conserved cysteine residues are boxed in dark and the alpha helices are boxed in gray.
SHRIMP VIH IS EXPRESSED IN BRAIN AND INHIBITS VTG
Unilateral Eyestalk Ablation and VIH Injection in Pacific White Shrimp
Previtellogenic female Pacific white shrimps were divided into three groups: one control and two experimental groups. The control group was unablated and injected with PBS. In the experimental groups, one group was unilaterally ablated (right eye) and injected with PBS, and another was unilaterally ablated (right eye) and injected with recombinant lvVIH diluted in PBS at a dose of 300 ng/g body weight. At the end of the experiment, shrimps were sacrificed at different time points (Days 0, 3, and 6). Ovary, hepatopancreas, brain, and the remaining contralateral eyestalk from individuals (n ¼ 9) were collected for each time point. The ovaries were weighed and the gonadosomatic index (GSI) for each individual was calculated. Tissue samples of hepatopancreas, brain, and eyestalk were flash frozen in liquid nitrogen and stored at À808C for further studies on mRNA levels of VIH and VTG.
Measurement of VIH and VTG mRNA Expression
Total RNA from in vitro cell culture or in vivo samples were isolated by using TRIzol, digested with DNase I, and reverse transcribed with Superscript II. The RT samples obtained were then subjected to quantitative PCR in a RotorGene RG-3000 Real-Time PCR System (Qiagen). PCR reactions were conducted by using a SYBR Premix Ex Taq II (TaKaRa) with primers specific for VIH (forward primer The crustacean species listed in the phylogenetic tree include L. vannamei (lv), P. monodon (pm), M. ensis (me), H. americanus (ha), N. norvegicus (nn), M. japonicus (mj), and C. pagurus (cp), and the following sequences from the GenBank database were used:
, and lvITP (EF156402). C) Amino acid sequence alignment of lvVIH, CHH, MIH-1, MIH-2, and ITP. The conserved amino acid residues are boxed in dark gray and similar amino acid residues are labeled in light gray. The helices are underlined and the conserved cysteine residues that forming disulfide bonds are linked with ''SS.'' CHEN ET AL.
sec at 728C for primer extension, and 20 sec at 848C for VIH and 798C for VTG for signal capture. Serially diluted plasmid DNAs containing VIH and VTG ORF sequences were used as the standards for real-time PCR. After PCR reactions, the identity of PCR products was routinely confirmed by melting curve analysis. In this study, real-time PCR of Pacific white shrimp beta-actin was used as an internal control.
Data Transformation and Statistical Analysis
For VIH and VTG mRNA expression, the raw data were expressed in terms of fmol target transcript detected per tube, and the data were routinely normalized as a ratio of beta-actin mRNA detected in the same sample. Because no significant differences were noted for beta-actin mRNA expression in our experiments, the raw data were simply transformed as a percentage of the mean values in the control group without drug treatment for statistical analysis. Data expressed as mean 6 SEM were analyzed by using Student t-test or ANOVA followed by Fisher least significant difference (LSD) test by using SPSS (IBM Software). Differences were considered as significant at P , 0.05.
RESULTS
Molecular Cloning and Sequence Analysis of Pacific White Shrimp VIH
By using 3 0 /5 0 RACE coupled to nested PCR, the full-length cDNA of Pacific white shrimp VIH was obtained. The lvVIH cDNA (GenBank: KC962398) was 869 bp in size with a 98-bp 5 0 untranslated region (UTR), a 480-bp 3 0 -UTR, and a 291-bp ORF coding for a 96-aa protein precursor (Fig. 1) . A polyadenylation signal (AATAAA) was located at 8 bp upstream of the poly-A tail. The lvVIH precursor was composed of a 17-aa signal peptide followed by a 79-aa mature protein with a deduced molecular mass of 9.4 kDa. Similar to the case of other members of the CHH family, the 3-D structure of mature lvVIH peptide was predicted to contain five alpha helices ( Fig. 2A) , which are anchored by three disulfide bonds formed by six conserved cysteine residues (Figs. 1 and 2C) .
Results of phylogenetic analysis by neighbor-joining method revealed that peptides in the CHH family could be divided into two separated clades, namely types I and II (Fig.  2B) . The type I CHH family peptides included CHH and ITP, whereas the type II CHH-family peptides included VIH, MIH, and MOIH. Our newly cloned lvVIH, which shared a shortest evolutional distance with pmVIH, could be phylogenetically classified as a type II CHH-family peptide.
Alignment of amino acid sequences was performed in various CHH-family peptides (including MIH-1, MIH-2, VIH, CHH, and ITP) of Pacific white shrimp. Conserved amino acid residues were found within their mature peptides ( Fig. 2C ; for example, VIH amino acid Asn18-Trp79). The similar a-helix organization and conserved cysteine residue position also revealed that peptides in the CHH family shared similar 3-D protein structures.
Transcript Expression and Tissue Distribution of lvVIH
Transcriptional expression of VIH in selected tissues (eyestalk, brain, and hepatopancreas) in Pacific white shrimp was characterized by Northern blot. Single transcript of VIH with a size of about 0.9 kb was detected abundantly in the brain and moderately in the eyestalk. VIH mRNA was not detected in the hepatopancreas (Fig. 3A) .
As a more sensitive method, RT-PCR was also used to establish the tissue expression profiles of VIH across different tissues in Pacific white shrimp. By using eyestalk RT sample as a template, PCR cycle numbers for lvVIH were optimized to be 27 cycles for semiquantitative analysis, as the cycle numbers were in the midlog phase of PCR amplification. As shown in Figure 3B , the strongest VIH signals were found in the brain, followed by the eyestalk, thoracic nerve, abdominal nerve, gill, hemolymph, stomach, intestine, and muscle; they were undetectable in the hepatopancreas and heart.
Effects of Shrimp Hemolymph and Brain and Eyestalk Fragments on VTG Gene Expression
After isolation, the shrimp hepatopancreatic primary cells were cultured in DMEM/F12 without serum, with 10% FBS, or with 10% shrimp hemolymph supernatant. As shown in Figure  4A , in primary cultured hepatopancreatic cells without serum or with 10% FBS, transcript levels of VTG dramatically increased in a time-dependent manner and reached the highest expression levels at 12 h after isolation (10.63 and 7.93 increase relative to VTG transcript levels of freshly prepared cells in the serum-free group and the FBS group, respectively). In contrast, expression of VTG mRNA was only weakly CHEN ET AL. upregulated in hepatopancreatic primary cells cultured in the presence of shrimp hemolymph (;2.03 increase relative to basal VTG mRNA levels in the freshly prepared cells). When the culture duration was fixed at 12 h, shrimp hemolymph treatment showed a dose-dependent inhibitory effect on the VTG mRNA expression in hepatopancreatic primary cells (downregulation of about 91% compared to the basal level, in the presence of 20% shrimp hemolymph; Fig. 4B ), indicating the existence of endogenous inhibitory factors in the shrimp hemolymph that were sufficient to exert strong inhibition on the expression of hepatopancreatic VTG mRNA. Additionally, treatment of high-concentration FBS (20%) could reduce the transcriptional level of VTG (downregulation of about 37% compared to the basal level; Fig. 4B ), implying that there may be unclear negative regulators for VTG expression in FBS, despite their capacity's being much lower than those in shrimp hemolymph.
To further validate the possible role of brain-and eyestalkderived factors as negative regulators of reproduction, we also cocultured shrimp hepatopancreatic primary cells with various tissue fragments. In coculture with brain or eyestalk fragments, transcript expression of VTG in hepatopancreatic primary cells significantly decreased (Fig. 4D) . In the group cocultured with muscle fragments, however, mRNA level of VTG did not show any significant changes. Therefore, one or more inhibitory factors for VTG mRNA expression may exist in the brain and eyestalk in Pacific white shrimp. Based on experimental evidence here that brain and eyestalk are major tissue sources of VIH, it could be logically speculated that brain-and eyestalk-derived VIH collectively act as a negative regulator of VTG production in hepatopancreas in Pacific white shrimp.
In Vitro and In Vivo Effects of VIH on VTG Gene Expression
For further characterization of the biological activities of VIH in Pacific white shrimp, recombinant lvVIH protein was expressed as a C-terminal His-tagged fusion protein in E. coli and purified by immobilized metal ion affinity chromatography (IMIAC). SDS-PAGE analysis showed that the recombinant protein of lvVIH (;14 kDa) was expressed after IPTG induction for 8 h (Fig. 5A ) and high-purity protein products were obtained by IMIAC purification (Fig. 5B) . 1-1000 nM) . C) Effects of unilateral eyestalk ablation and VIH injection on shrimp hepatopancreatic VTG mRNA expression. The injection dosage of lvVIH used in this experiment was 300 ng/g and the shrimp hepatopancreas were sampled 3 and 6 days after treatment. D) Effects of unilateral eyestalk ablation and VIH injection on shrimp GSI. The injection dosage of lvVIH used in this experiment was 300 ng/g and the shrimp ovaries were sampled 3 and 6 days after treatment. In these studies, data presented are expressed as mean 6 SEM. The individual numbers of in vitro and in vivo experiments were four (wells) and nine (shrimps), respectively. Experimental groups denoted by the same letter represent a similar level of transcript expression (P . 0.05, ANOVA followed by Fisher LSD test). Significant differences between treated and untreated groups were examined by Student t-test (*P , 0.05; **P , 0.01; ***P , 0.001).
SHRIMP VIH IS EXPRESSED IN BRAIN AND INHIBITS VTG
In the in vitro experiment of shrimp hepatopancreatic primary cell culture, the basal level of VTG mRNA was efficiently suppressed by recombinant lvVIH protein treatment in a time- (Fig. 6A ) and dose-dependent manner (Fig. 6B) . Maximal response for VIH-inhibited VTG mRNA expression was observed at 12 h after the initiation of VIH treatment (Fig.  6A) , whereas maximal inhibition was achieved at a dose of 1 lM VIH treatment (Fig. 6B) . In in vivo experiments, the hepatopancreatic VTG mRNA levels increased after unilateral eyestalk ablation (Fig. 6C ), but this effect was apparently neutralized by recombinant lvVIH injection (Fig. 6C) . Similarly, the ovary weight increased in the unilaterally eyestalk-ablated shrimps, but remained stable in unilaterally eyestalk-ablated shrimps injected with VIH (Fig. 6D) . These results indicate that in Pacific white shrimp, unilateral eyestalk ablation induced VTG gene expression and subsequent ovarian maturation, and VIH injection could reverse the effects of eyestalk ablation on reproduction.
Effects of Eyestalk Ablation on VIH mRNA Expression in Pacific White Shrimp
The mRNA levels of VIH in brain and eyestalk were measured in shrimps without eyestalk ablation or with unilateral eyestalk ablation in Pacific white shrimp. In this case, the mRNA level of VIH in brain but not in the remaining contralateral eyestalk significantly diminished 3 and 6 days after unilateral eyestalk ablation (Fig. 7) . These results indicate that eyestalk ablation in shrimp not only removed a peripheral tissue source of the VIH (eyestalk), but also negatively modulated the mRNA level of VIH in the brain.
DISCUSSION
In this study, the full-length cDNA of VIH is obtained from Pacific white shrimp L. vannamei. The 3-D modeling shows that the protein structure of lvVIH is highly similar to that of other peptide members of the CHH family ( Fig. 2A) . Conserved cysteine residues are found in specific positions of the lvVIH protein sequence, and may be involved in disulfide formation in tertiary protein structures [11] . In phylogenetic analysis, the lvVIH obtained is shown to belong to the type II CHH-family peptides (VIH, MIH, and MOIH) and to be evolutionarily close to pmVIH (Fig. 2B) . The SGP-G, previously deemed another candidate of lvVIH [37] , is grouped into the type I CHH-family peptides (CHH and ITP). In addition, M. japonicus MIH (mjMIH-B and mjMIH-C) is close to VIH but not to other MIHs in our drawn phylogenetic tree. It has been reported that in female shrimp M. ensis, MIH delayed the molting cycle [40] , and in female blue crab Callinectes sapidus, MIH stimulated vitellogenesis at advanced ovarian developmental stages [41] . In addition, Cancer pagurus MOIH (cpMOIH) is close to H. americanus VIH (haVIH) and Nephrops norvegicus VIH (nnVIH). Because many CHHfamily peptides were originally named according to their biological functions [11] , it is plausible that the current classification of type II CHH-family peptides may not sufficiently reflect their actual evolutional relationship. Previously, it has been suggested that all members of the CHH family originated from a common ancestral gene through single-gene or genome duplication [12] , and they may develop multiple biological functions as a consequence of gene division in crustaceans.
In previous studies, recombinant proteins of several CHHfamily peptides have been successfully expressed in E. coli, including M. ensis MIH [40] , HaVIH [27] , L. vannamei CHH [42] , and L. vannamei SGP-G [37] . The vitellogenesisinhibiting activity of recombinant L. vannamei SGP-G was examined in ex vivo-cultured ovarian fragments [37] . Our study confirmed the reproduction inhibitory effects of the newly cloned VIH in L. vannamei by both in vitro and in vivo approaches. In shrimp hepatopancreatic cell culture, recombinant lvVIH suppressed VTG mRNA expression in time-and dose-dependent manners. By injection of recombinant lvVIH in Pacific white shrimp, both the GSI and mRNA levels of hepatopancreatic VTG are reduced, suggesting that introduction of exogenous VIH is sufficient to reverse the effects of eyestalk FIG. 7 . Effects of unilateral eyestalk ablation on VIH mRNA expression in brain (A) and the remaining contralateral eyestalk (B) in shrimp. The brains and the remaining eyestalks were sampled 3 and 6 days after unilateral eyestalk ablation. The individual numbers were nine (shrimps) in this case for the control and treatment groups. Data presented are expressed as mean 6 SEM. Significant differences between treated and untreated groups were determined by Student t-test (*P , 0.05; **P , 0.01).
ablation. Given that other peptides in the CHH family (SGP-A, -B, and -D-G) have been previously reported to significantly reduce VIH mRNA levels in the L. vannamei ovary [36] , it could be inferred that multiple vitellogenesis-inhibiting factors participate in the negative control of reproduction in Pacific white shrimp.
As a crustacean species that dominates world shrimp production (FAO [30] ), L. vannamei is routinely brought into sexual maturation and ovulation by the eyestalk-ablation method in industry. It is well documented that eyestalk ablation results in reduced VIH synthesis [9, 10] . Based on the results of Northern blot and semiquantitative RT-PCR, however, our study shows that eyestalk is not the exclusive site for lvVIH production. Rather, very-high-level mRNA expression of VIH is observed in the brain in L. vannamei (Fig. 3) , surpassing even eyestalk VIH levels in relative terms. Consistent with our finding, previous studies have shown that the mRNA expression of VIH are detectable in brain, thoracic nerve, and abdominal nerve in P. monodon [4] . Collectively, our results lend support to the idea that VIH production in shrimps may involve strong neural-hormonal interactions [8] . In the absence of shrimp hemolymph, the levels of hepatopancreatic VTG mRNA surge sharply (Fig. 4, A and B) . This observation is consistent with results in serum-free culture of shrimp immature ovary fragments in M. japonicus [29] . Our study further tests the effects of brain and eyestalk fragments on hepatopancreatic VTG gene expression. Because previous studies have focused exclusively on the eyestalk effects in crustacean reproduction [2, 36] , ours is the first report to demonstrate the brain-derived VIH and negative regulation on crustacean reproduction by brain-derived factors.
After unilateral eyestalk ablation, the mRNA levels of VIH are attenuated in the brain, but not in the remaining contralateral eyestalk (Fig. 7) . Eyestalk ablation could induce ovary maturation by both removing the VIH production from the ablated eyestalk and reducing the production of VIH from brain. Peptide hormones or other neural factors could be transported from the eyestalk to the brain via neural projections in crustaceans [43, 44] . In sexually immature female M. japonicus, only bilateral eyestalk ablation and not unilateral eyestalk ablation could induce VTG gene expression and ovarian maturation [10] , which means eyestalk ablation may not be a generically practical method for induction of ovarian maturation across crustacean species in culture. Therefore, our study on VIH expression in L. vannamei brain provides some new insights on inhibition of brain-derived VIH as an alternative approach for inducing sexual maturation in shrimps. In addition, our results suggest a potential mechanism of brainderived VIH regulation on hepatopancreatic VTG expression in Pacific white shrimp, highlighting possible neuroendocrine interactions in the brain as a central reproduction regulator that could be further characterized. Collectively, our study confirms that both brain-and eyestalk-derived VIH participate in the negative control of VTG mRNA expression, and eyestalk ablation results in a reduction of both eyestalk-and brainderived VIH, which consequently lifts the inhibition on VTG gene expression (Fig. 8) . Further study on brain-derived VIH expression and signal transduction and the role of eyestalkbrain interactions could provide new understanding on the complex cellular mechanisms underlying crustacean reproduction biology.
